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Abstract	  
We	  have	  measured	   the	   time	  evolution	  of	  phase	  shift	  at	   the	   front	  and	  back	  
surfaces	  of	  gold	  nano-‐foils	  pumped	  with	  150fs	  (λ=400nm)	  pulse	  laser.	  The	  
thickness	   of	   foils	   (d~30nm)	   is	   roughly	   one	   third	   of	   the	   ballistic	   electron	  
transport	   range	   at	   ambient	   condition	   (~100nm).	  At	   lower	   pump	   fluences,	  
the	   front	   and	   back	   sides	   behave	   similarly,	   indicating	   uniform	   heating	   by	  
ballistic	  electrons.	  As	   the	  pump	   fluence	   is	   increased,	   the	  phase	  shift	  at	   the	  
front	   side	   rises	   higher	   than	   that	   at	   the	   back	   side,	   indicating	   significant	  
reduction	  of	  ballistic	  electron	  transport	  range.	  	  

	  

Introduction	  

Advancement	   on	   ultrafast	   pump-‐probe	  
experimental	   techniques	   has	   enabled	   investigations	  
on	   temporal	   behavior	   of	   non-‐equilibirum	   Warm	  
Dense	   Matter	   (WDM)	   created	   by	   laser	   pulses1-‐10.	   A	  
sufficiently	  short	  laser	  pulse	  (~100fs)	  is	  able	  to	  excite	  
electrons	   fast	   enough	   so	   that	   the	   absorbed	   energy	  
does	   not	   have	   a	   time	   to	   dissipate	   to	   ionic	   degree	   of	  
freedom	  via	  electron-‐phonon	  coupling11-‐17.	  In	  general,	  
electron-‐electron	   collision	   timescale	   is	   faster	   than	  
electron-‐phonon	   relaxation	   timescale,	   therefore,	   the	  
electronic	   degree	   of	   freedom	   reaches	   to	   thermal	  
equilibrium	  before	  losing	  its	  energy	  to	  ionic	  degree	  of	  
freedom11,	  12.	  In	  other	  words,	  the	  occupation	  function	  
of	  quantum	  mechanical	  electronic	  states	  converged	  to	  
the	   Fermi	   distribution	   function	   and	   the	   electron	  
temperature	   is	   now	   well	   defined.	   Subsequently,	  
electrons	   cool	   down	   via	   electron-‐phonon	   coupling,	  
while	   ions	   heat	   up.	   This	   simple	   description	   of	   the	  
dynamics	   of	   laser-‐heated	   materials	   is	   essentially	  
equivalent	   to	   the	   widely-‐used	   two-‐temperature	  
model18.	  	  

Recently,	   Ultrafast	   Electron	   Diffraction	  
measurements	   were	   performed	   on	   pumped	   gold	  
nano-‐foil,	   and	   they	   found	   that,	   at	   a	   high	   pump	   laser	  
fluence,	   corresponding	   to	   the	   initial	   electron	  
temperature	   of	   a	   few	   eV,	   the	   evolution	   of	   Debye-‐
Waller	   factor	  determined	   from	   the	  UED	  experiments	  
becomes	   significantly	   slower	   than	   the	   two-‐

temperature	  model	  with	   the	   temperature	  dependent	  
electron-‐phonon	   coupling	   constant2.	   They	   attributed	  
the	   slowdown	   of	   evolution	   of	   DWF	   to	   the	   bond	  
hardening	   due	   to	   the	   high	   electron	   temperature19-‐21.	  
Since	   the	   hardened	   lattice	   will	   oscillate	   with	   less	  
amplitude	  for	  a	  given	  lattice	  temperature.	  It	  was	  later	  
pointed	   out22	   that,	   at	   the	   high	   enough	   electron	  
temperature	   for	   the	   lattice	   hardening	   scenario19-‐21,	  
the	   imaginary	   part	   of	   dielectric	   function,	   ε2(ω),	  
becomes	   monotonic,	   Drude	   like	   profile,	   which	   is	  
inconsistent	   with	   an	   earlier	   experimental	   report	   on	  
the	  broadband	  ε2(ω)	  measurement	  of	  a	  pumped	  gold	  
nano-‐foil3.	  Based	  on	  first-‐principles	  ε2(ω)	  simulations,	  	  
it	   was	   suggested	   that,	   at	   such	   high	   pump	   laser	  
fluence,	  significant	  amount	  of	  electrons	  might	  escape	  
from	  the	   foil	   together	  with	  sizable	  amount	  of	  kinetic	  
energy,	   leaving	  the	  foil	  positively	  charged	  with	  a	   low	  
electron	   temperature22.	   Although	   it	   is	   speculative,	  
this	   scenario	   explains	   both	   experimental	  
observations	   on	   the	   time	   evolution	   of	   DWF2	   and	  
ε2(ω)3	   consistently.	   	   Motivated	   by	   this	   suggestion,	   a	  
few	  experimental	  studies	  were	  conducted.	  	  

Cho	  et	  al.	  performed	  the	  time	  resolved	  X-‐Ray	  
Absorption	   (XAS)	   measurements	   on	   pumped	   nano-‐
copper	   foil	   and	   successfully	   determined	   the	   time	  
evolution	   of	   electron	   temperature	   by	   fitting	   to	   the	  
XAS	   calculated	   based	   on	  DFT	   simulations1.	   The	   time	  
history	   of	   electron	   temperature	   was	   well	   described	  
within	   the	   two-‐temperature	  model	  with	   the	  electron	  
temperature	   dependent	   electron-‐phonon	   coupling	  
model1,	  23,	  24.	  	  



Cao	   et	   al.	   conducted	   the	   time	   resolved	  
electron	  deflection	  measurements	  of	  pumped	  copper	  
foil25,	   and	   found	   that,	   in	   fact,	   significant	   amount	   of	  
charge	  escape	  from	  the	  foil,	  which	  rapidly	  spread	  out	  
in	   space	   due	   to	   coulomb	   repulsion	   forming	   a	  
macroscopic	   size	   of	   electron	   clouds	   (hundreds	   of	  
micron	  meter)	  in	  the	  both	  side	  of	  pumped	  copper	  foil	  
(d=30nm),	   which	   last	   for	   of	   the	   order	   of	   100	  
picoseconds,	   consistent	   with	   the	   electron	   escape	  
conjecture22.	   Interestingly,	  as	   the	  pump	   laser	   fluence	  
is	   increased,	   the	   electron	   clouds	  develop	   asymmetry	  
between	   the	   pumped	   side	   and	   the	   back	   side	  
suggesting	   a	   development	   of	   electron	   temperature	  
gradient	   in	   the	   foil:	   an	   evidence	   that	   ballistic	  
transport	   range	   of	   conduction	   electrons13-‐17,	   26	   be	  
reduced	  significantly27	  when	  the	  fluence	  of	  the	  pump	  
laser	  reaches	  to	  0.3	  J/cm2.	  

Motivated	  by	  these	  work,	  we	  have	  conducted	  
series	   of	   Fourier	   Domain	   Interferometry	   (FDI)	  
measurements	  on	  the	  both	  sides	  of	  pumped	  gold	  foils	  
(d=32nm),	   and	   found	   the	   strong	   evidence	   that	   the	  
ballistic	   transport	  range	  (~100nm	  for	  Au	  at	  ambient	  
conditions),	  decreases	  significantly	  at	  laser	  intensities	  
an	  order	  of	  magnitude	  above	  the	  damage	  threshold13.	  	  

	  

Method	  

The	  experimental	  schematic	   is	   shown	   in	  Fig.	  
1.	  Similar	  to	  the	  setup	  used	  in	  previous	  experiments,	  
a	  free-‐standing	  Au	  foil	  was	  heated	  by	  a	  150fs,	  400nm	  
laser	   pulse	   (pump).	   The	   energy	   deposition	   of	   the	  
pump	   was	   monitored	   by	   three	   photo-‐diodes	   which	  
measure	   the	   incident,	   reflected	   and	   transmitted	  
energies.	  A	  chirped	  800nm	  probe	  was	  incident	  at	  45°	  
onto	   the	   target	   at	   the	   pump	   side.	   Its	   reflectivity	   and	  
phase	   shift	   were	   measured	   by	   chirped	   Fourier	  
Domain	   interferometry	   (FDI)28.	   The	   chirping	   in	   the	  
probe	  enabled	  single-‐shot	  measurements	  of	   the	   time	  
history	  up	  to	  ~50ps.	  In	  order	  to	  simultaneously	  probe	  

the	  other	  side	  of	  the	  target,	  the	  probe	  pulse	  was	  split	  
and	  the	  second	  part	  was	  directed	  onto	  the	  back	  side.	  
The	   incident	   angle	   of	   the	   back	   probe	   was	   ~45.5°,	  
slightly	   different	   from	   the	   front	   side	   to	   avoid	  
interference	   with	   the	   transmitted	   front	   probe.	   The	  
0.5°	   difference	   in	   the	   incident	   angles	   is	   negligible	   in	  

data	  analysis.	  
For	   each	   shot,	   the	   absorbed	   energy	   was	  

determined	   from	   the	   reflection	   and	   transmission	  
measurements	  of	  the	  pump	  energy.	  The	  absorption	  as	  
a	   function	  of	   the	   incident	  pump	   fluence	   is	  plotted	   in	  
Fig.	   2.	   It	   turns	   out	   that	   the	   absorption	   is	   nearly	  
constant	  at	  ~40%	  in	  the	  range	  of	  our	  measurements,	  
consistent	   with	   previous	   measurements.	   The	   high	  
absorption	   is	   a	   result	   of	   interband	   transition	   as	   the	  
pump	   photon	   energy	   (hω=3.1eV)	   is	   above	   the	  
transition	  peak	  at	  about	  3eV29-‐31.	  
	  

Results	  and	  discussion	  

In	   Figure	   3,	   the	   phase	   shift	   and	   reflectivity	  
data	  are	  presented	  for	  three	  absorbed	  pump	  fluences:	  
0.04,	  0.13,	  and	  0.54	  J/cm2.	  The	  probe	  was	  chirped	  to	  
~60ps,	  resulting	  in	  a	  temporal	  resolution	  of	  ~2.5ps28.	  
In	  all	  cases,	  the	  phase	  shift	  rises	  quickly	  right	  after	  the	  
pumping,	   then	   slowly	   decreases	   over	   time.	   The	  
plateau	   observed	   in	   previous	   experiments	   is	   not	  
pronounced	   due	   to	   limited	   resolution	   using	   the	  
chirped	  probe.	  At	  0.04	   J/cm2,	   the	   font	  and	  back	  data	  
display	  very	  similar	  behavior	  in	  both	  phase	  shift	  and	  
the	  reflectivity,	  confirming	  uniforming	  heating	  at	  this	  
fluence.	  The	  penetration	  depth	  of	  400nm	  photons	   in	  

	  

	  
Figure	  2:	  Absorption	  as	  a	  function	  of	  incident	  
fluence	  for	  Au	  foils	  with	  400nm	  pump.	  
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Figure	  1:	  Experimental	  schematic.	  



Au	  is	  only	  ~10nm.	  The	  uniform	  heating	  of	  a	  32nm	  foil	  
is	  achieved	  by	  ballistic	  transport	  of	  excited	  electrons.	  
As	   the	   absorbed	   fluence	   increases	   to	   0.13	   J/cm2,	  
difference	  starts	   to	  show	  up	  between	   front	  and	  back	  
data.	   At	   the	   highest	   absorbed	   fluence	   of	   0.54	   J/cm2,	  
the	   difference	   becomes	   significant.	   The	   front	   phase	  
shift	   reaches	   0.3rad,	   whileas	   the	   maximum	   of	   the	  
back	  phase	  shift	  stays	  at	  ~0.1rad	  as	  in	  the	  case	  of	  0.13	  
J/cm2.	  The	  decreasing	  rate	  of	   the	   front	  phase	  shift	   is	  
also	   larger	   than	   that	  at	   the	  back	   side.	  The	  difference	  
between	   the	   front	   and	   the	   back	   data	   indicates	  
development	  of	  gradient	  in	  the	  heated	  foil.	  

The	   phase	   shift	   data	   are	   regrouped	   in	   Fig.	  
4(a)	   and	   (b)	   to	   show	   the	   trend	   as	   the	   absorbed	  
fluence	   increases.	   At	   the	   front	   side,	   both	   the	  
maximum	   phase	   shift	   and	   the	   slope	   at	   later	   time	  
increases	   with	   the	   absorbed	   fluence.	   The	   back	   side	  
data	  shows	  a	  saturation	  in	  the	  maximum	  phase	  shift,	  
and	   the	   slope	   also	   increases	   although	   not	   as	  
significantly	   as	   the	   front	   data.	   The	   phase	   shift	  
depends	   on	   both	   the	   dielectric	   function	   and	   the	  
surface	   motion.	   The	   initial	   sharp	   rise	   of	   the	   phase	  
shift	   is	   possibly	   caused	   by	   change	   in	   the	   dielectric	  
property	   due	   to	   heating	   and/or	   the	   formation	   of	  
electron	  cloud.	   	  At	  later	  time	  (>10ps),	  the	  phase	  shift	  
could	   be	   dominated	   by	   surface	   motion.	   Under	   this	  
assumption,	   the	   expansion	   velocity	   could	   be	  
estimated	   from	   the	   slope	   of	   the	   phase	   shift.	   The	  

results	   are	   shown	   in	   Fig.	   4(c).	   The	   velocity	   varies	  
from	   0.5	   to	   1.8nm/ps	   at	   front	   and	   from	   0.5	   to	  
1.2nm/ps	   as	   the	   absorbed	   fluence	   increases	   from	  
0.04	   to	   0.54	   J/cm2.	   Further	   experimental	   and	  
theoretical	   investigations	   are	   needed	   to	   clarify	   the	  
details	   of	   the	   target	   expansion.	   Nevertheless,	   the	  
observed	   asymmetry	   in	   front	   and	  back	  of	  heated	  Au	  
foils	   is	   consistent	   with	   electron	   deflection	  
measurements	   by	   Cao	   et	   al,	   suggesting	   that	   ballistic	  
transport	   range	   of	   conduction	   electrons	   in	   those	  
systems	  is	  reduced	  probably	  by	  collisions	  among	  the	  
high	  density	  of	  excited	  electrons	  (and	  perhaps	  holes),	  
which	   created	   the	   gradient	   of	   electron	   temperature	  
between	  front	  and	  back.	  	  
	   Chang	   et	   al.	   performed	   the	   optical	   third	  
harmonics	  (TH)	  measurement	  on	  pumped	  silver	  foils,	  
and	   analyzed	   their	   data	   using	   TTM	   where	   the	  
reduction	   of	   electronic	   heat	   conductivity	   due	   to	  
presence	   of	   d-‐holes	   was	   considered27.	   The	  
comparison	  on	  the	  melt	  depth	  at	  t=25ps	  based	  on	  the	  
model	   calculations	   and	   the	   experimental	   data	   show	  
better	   agreement	   when	   the	   reduction	   of	   electronic	  
heat	   conduction	   due	   to	  d-‐hole	   is	   taken	   into	   account.	  
They	   argue	   that	   the	   contribution	   from	   ballistic	  
electron	   transport	   on	   thermal	   conductivity	   is	  
negligible	   since	   “this	   effect	   is	   largely	   suppressed	   in	  
our	   case	   since	   both	   e-p	   and	   e-e	   scattering	   rates	  
increases	  by	  an	  order	  of	  magnitude	  when	  d	  electrons	  

	  
	  
Figure	  3:	  Time	  history	  of	  phase	  shift	  and	  reflectivity	  measured	  at	  front	  and	  back	  sides	  of	  gold	  foil	  (d=32nm)	  at	  
three	  absorbed	  pump	  fluences.	  	  



are	   exited.	   This	   significantly	   lowers	   the	   mean-‐free	  
path	  of	  the	  electrons.”	  	  

It	  is	  known	  that	  the	  mean	  free	  path	  of	  excited	  
electron	   shows	  monotonic	   decrease	   as	   a	   function	   of	  
excitation	   energy	   for	   the	   range	   of	   excitation	   energy	  
below	   a	   few	   tenth	   of	   eV32-‐35.	   A	   longer	   lifetime	   of	   d-‐
hole	  than	  the	  excitation	  within	  sp-‐band	  (or	  one	  that	  is	  
estimated	   based	   on	   the	   Fermi	   liquid	   theory)	   was	  
originally	   reported	   based	   on	   the	   time	   resolved	   two-‐
photon	  photoemission	  experiments36,	   and	   supported	  
by	  subsequent	  experimental	  and	  theoretical	  studies37,	  
38.	   All	   of	   above	   point	   that	   depression	   of	   electron	  
transport	   for	   higher	   excitation	   energy,	   and	  
particularly	   with	   the	   presence	   of	   d-‐hole,	   and	   for	  
diffuse	  electron	  transport	  regime.	  However,	  those	  are	  
not	  a	  direct	  evidence	  of	  reduced	  ballistic	  range	  taking	  
place	  at	  much	  shorter	  time	  scale,	  probably	  except	  for	  

the	   escape	   length	   measurement32.	   For	   example,	  
Chang	   et	   al.s	   measurements	   were	   at	   delay	   time	   of	  
t=25ps,	   which	   is	   apparently	   dictated	   by	   diffuse	  
transport.	   Our	   approach,	   front/back	   ultrafast	   phase	  
shift	  measurements	   on	  pumped	  nano-‐foils	   provide	   a	  
novel	   way	   to	   determine	   the	   ballistic	   electron	  
transport	   range	   in	  various	  materials	   as	  a	   function	  of	  
excitation	  energy.	  
	  

Conclusion	  

	   We	  have	  performed	  FDI	  experiments	  on	  both	  
front	   and	   back	   side	   of	   pumped	   gold	   nano-‐foils	  
(d=32nm).	   The	   time	   evolution	   of	   phase	   shift	  
estimated	  from	  the	  FDI	  results	  show	  clear	  difference	  
between	   the	   pumped	   side	   and	   the	   back	   side	   at	   high	  
absorbed	   laser	   fluence	   (>0.2	   J/cm2),	   indicating	   the	  
reduction	  of	  ballistic	  range	  by	  a	  factor	  of	  ~3	  from	  that	  
at	   ambient	   condition.	   This	   observation	   is	   consistent	  
with	   the	   time	   resolved	   electron	   deflection	  
measurements	   on	   pumped	   copper	   nano-‐foil	  
performed	   by	   Cao	   et	   al,	   where	   asymmetric	  
development	   of	   electron	   could	   between	   front	   and	  
back	  sides	  of	  the	  target	  was	  clearly	  seen	  at	  high	  pump	  
laser	   fluence.	   These	   methods	   could	   be	   used	   to	  
determine	  the	  ballistic	  transport	  range	  of	  electrons	  in	  
various	  materials	  at	  excitation	  energy	  on	  the	  order	  of	  
1-‐10	  eV/atom.	  
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